Results obtained using the Brunauer-Emmett-Teller method, smallangle x-ray scattering and wide angle x-ray diffraction in the study of porous silicon are compared. The BET method seems to fail when the porosity of samples is smaller than 50%, giving unrealistically large values for the specific surface area, but giving results similar to SAXS when the porosity is larger than 50%. In the comparison of the WAXD and SAXS data quite large differences between the average particle size and chord length were observed in low-porosity samples. The possible origin of the differences is discussed.
Introduction
Electrochemical dissolution of crystalline silicon (Si) in concentrated hydrofluoric acid solution can be used to fabricate a silicon microstructure known as porous silicon (PS) . PS consists of extremely small structures, which can be varied from 1 nm to 23 nm in size by changing the preparation parameters (Cullis & Canham, 1997) . Usually, the structural dimensions correlate with the porosity of samples, if similarly doped wafers have been used. In the case of degenerate p+-or n+-PS the microstructures are larger than in nondegenerate samples, but a wider range of porosity can be obtained (20-85 %) (Salonen, 1999) . This means also a wider variation in the structural sizes. In non-degenerate PS smaller microstructures have been observed, but the size of the structure is more difficult to be varied by changing preparation parameters. Generally, the microstructural dimensions and the shape of pores depend on the doping of the initial Si wafer (Smith & Collins, 1992) .
The current interest in PS results from the observation of visible photoluminescence in 1990 (Canham, 1990) . It was proposed that this arises from quantum confinement effects. Although its role in the luminescence mechanism is still unclear, quantum confinement effects have been observed and reported in numerous publications and the phenomenon is now widely accepted.
To improve the understanding of the physical processes involved in luminescence, the microstructural characterization of PS is necessary. One technique which can be used is X-ray small-angle scattering (SAXS). Unfortunately, SAXS has not been widely used in the case of PS, although it has been demonstrated to be well suited for the study of PS structures (Goudeau, Naudon, Bomchil &Herino, 1989) . Despite the fact that the research on PS has been mainly focused on the mechanism of luminescence and its optoelectronic applications, a great variety of other possible applications of PS have been proposed and demonstrated, for example, different types of gas and humidity sensors (Sailor & Lee, 1997; Schechter, Ben-Chorin & Kux, 1995; Starodub, Fedorenko, Starodub & Dikij, 1998; Tsuo, Xiao & Moore, 1994) . The importance of the microstructural characterization seems to be almost independent of the applications.
In this study we have compared results obtained using three different methods: SAXS, wide angle X-ray diffraction (WAXD), and gas adsorption measurements. The gas adsorption technique was based on the BET method introduced by Brunauer, Emmett and Teller (1938) . In the measurements, the same sample has been used at least in two, sometimes in all three methods. This arrangement ensured the similarity of the samples. We used only PS free-standing films, which enabled more accurate determination of the porosity. Also, in SAXS measurements, the use of the free-standing films has many advantages. The scattering intensity is much higher in films and the scattering arising from the Si skeleton and Si-PS interface is absent. Especially, the transient layer at the Si-PS interface may distort the scattering curves because of its rough and perhaps even fractal structure. This transient layer could have a thickness of up to several micrometers (Salonen, 1999 ).
Experimental
The samples were prepared by anodizing boron-doped (p+)-type Si (100) wafers with a resistivity of 0.015-0.025 Ωcm in an HF (40%) and ethanol mixture varied from 3:1 to 1:1. The current density and the etching time were also varied. The porous silicon layer was removed from the wafer by abruptly increasing the current density. The porosity was determined gravimetrically.
The SAXS measurements were done using a Kratky camera (Anton Paar GmbH) in a 0.2 mbar vacuum and Cu Kα radiation of an X-ray tube. The scattering profiles were recorded by proportional counter. All the SAXS measurements were performed using 0.050 mm step size and 5 s recording time per step. Prior to analysis, the data were slit length desmeared utilizing an iterative desmearing method described by Lake (1967) .
The WAXD data were collected on a θ-2θ X-ray apparatus (Philips PW 1820 and PW 1710) with the same X-ray source as in the SAXS experiments. The WAXD data were analysed using commercial PC programs (APD and Line Profile) and using crystalline silicon as a reference. To obtain homogeneous powder samples for the WAXD measurements, the free-standing films were carefully milled.
In the BET experiments (FlowSorb 2300), single point measurements were done using a gas mixture of 30% nitrogen and 70% helium. The given specific surface area is an average of three adsorption and desorption measurements. Fig. 1 presents three different scattering curves as a function of the scattering vector q = 2π sinθ / λ, where θ is half the scattering angle and λ is the wavelength . After desmearing, the final part of the intensity function obeys a slope of -4 in the log-log plot.
Results and discussion
To avoid the measurements of absolute intensity we used the invariant Q
where I is the intensity function. The classical Porod law for two-phase systems gives the relationship between the final slope and the specific surface area
where ϕ 1 and ϕ 2 are the fractions of matter (or pores and matter), and S/V the specific surface area. According to Porod (1982) , a chord is formally an intersect length and from pure geometry it follows that an average intersect length l obeys the following relationship 
where p is the fraction of pores (porosity) and l matter and l void are the average lengths of matter and pores, respectively. On the basis of the above equations, we calculated the values of l matter and l void (Fig. 2) . Due to the strong dependence on the porosity, l matter decreases as the porosity increases, and vice versa for l void (see equation 3). This finding agrees with the previous observations (Smith & Collins, 1992) . 
Figure 2
The calculated values of lmatter and lvoid as a function of porosity. 
Figure 3
The specific surface area values obtained from the BET and SAXS measurements. The dashed lines have been drawn to guide the eye. Two points at the same porosity indicate samples prepared with different preparative parameters
Comparison of the specific surface areas obtained from SAXS and BET shows that for a porosity above 50% both methods give quite similar results, although the BET values are slightly higher (Fig. 3) . When the porosity is lower than 50%, a significant difference between the SAXS and BET results was observed. An almost linear increase of specific surface area as the porosity decreases was found in the BET results. In contrast to the BET results, a more realistic behaviour of specific surface area was observed in the SAXS results. Obviously, the BET method fails when the porosity of the sample is lower than 50%. This is surprising, since the average pore size is more than 10 times larger than the nitrogen molecule (4 Å). In addition, the gas adsorption method has been successfully employed in n-and p-type PS, in which the average pore size is much smaller (even 1.5 nm).
Since the low-porosity samples were prepared using small current densities, the difference can be explained by the sharp edges formed at the intersections of pores. These sharp edges can offer adsorption mechanisms, which are not included in the BET model of adsorption. Also, the possible change in pore shape from cylindrical to rectangular can cause effects similar to those of sharp edges. Even "firtree" pore structures have been observed (Smith & Collins, 1992) , but such a large difference in specific surface areas is hardly explained with sharp edges or rectangular pores. However, this could be the explanation of the difference in samples with the porosity above 50%.
Another possible explanation is based on the distribution of pore sizes. Since the structural values obtained from the SAXS experiments are average values, it is possible that the size distribution widens as the porosity decreases or else it separates into two size distributions. As will be seen later, the PS really seems to consist of structures which can be described by two size distributions, which has also been proposed previously (Huang, 1996; Berger, Frohnhoff, Theiss, Rossow & Münder, 1995) . This means, that the average pore size for the distribution of smaller sizes decreases and thus the portion of pores with diameters smaller than the critical diameter for nitrogen condensation quite probably also increases. The critical diameter for nitrogen condensation was calculated to be 16 Å and if the monolayer thickness is included, the critical diameter increases up to 23 Å. Thus, the pores which diameter is smaller than that will be filled with nitrogen, and the assumption of the monolayer adsorption leads to erroneous results. This together with the possible "firtree" structures is a very likely explanation. In such a structure, the smallest diameter of a pore determines the adsorption / desorption behaviour of the pore, i.e., the nitrogen condensation.
In the WAXD experiments a rather large average particle size for the distribution of larger sizes was obserserved (several hundreds of nm). The particles of these sizes should be insignificant in smallangle scattering processes, but because only average values could be observed, it is possible that the size distribution is very wide. This means that the smaller particles in the larger size distribution may contribute to the small-angle scattering curves increasing the observed average values. 
Figure 4
The measured 111 Bragg peak (solid line) and two fitting functions (dashed and dotted lines) used in calculations of average particle sizes. Fig. 4 presents two Voigt's fitting functions for the 111 Bragg peak which were used to distinguish the size and the stress contributions. For this shape of the peak, a reasonable fit using only one fitting function could not be obtained. Using three fitting functions instead of two, no notable improvements in fitting was obtained. 
Figure 5
The smaller average particle size obtained from the WAXD measurements and lmatter from SAXS as a function of porosity. The dashed lines have been drawn to guide the eye.
This indicates that the proposed bimodal size distributions really exist in PS. The comparison of the smaller average particle size (wider peak) with the l matter values from the SAXS results, shows that l matter continuously increases as the porosity decreases (Fig. 5 ). If the two size distributions start to differ from each other as the porosity decreases, this would manifest itself as a difference in SAXS and WAXD results. This is clearly seen in Fig.5 . Although the two size distributions seem to exist in PS, it is still unclear which of the two proposed explanations is responsible for the observed difference between BET and SAXS results.
Conclusions
In summary, we have compared results obtained using different methods in studies of porous silicon microstructure. The specific surface area has been used to compare the gas adsorption method (BET) to SAXS. The BET method seems to fail when the average pore size decreases below 8 nm (P<50%) giving unrealistically large values of the specific surface area. This is explained by two size distributions in PS, which differ from each other as the porosity decreases, leading to increasing portions of pore sizes small enough for the nitrogen condensation. A possible explanation for the differences in samples with porosity above 50% is the formation of sharp edges either at the intersections of pores or a change in the shape of pores.
In the comparison of wide angle X-ray diffraction and SAXS a rather large difference in results was observed in the case of samples with a porosity lower than 50%. Together with the fact that two fitting functions were needed to obtain reasonable fits to the measured Bragg peak, this indicates that two different size distributions really exist in PS.
